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Phase separationPhytosterol—β-sitosterol promotes apoptosis in various cancer cells and inhibits their growth. Supplementa-
tion of cancer cells with this compound causes modiﬁcations in membrane composition, namely, substitution
of cholesterol (Chol), decrease of sphingomyelin (SM) content and increase of ceramide (Cer) level. The aim
of this work was to investigate the inﬂuence of partial replacement of cholesterol by plant sterol, substitution
of sphingomyelin by ceramide and both these factors simultaneously on the properties of the monolayers
composed of major lipids identiﬁed in breast cancer membranes, namely Chol/SM/GM3 mixtures. Brewster
Angle Microcopy experiments and the analysis of the isotherms recorded during ﬁlms compression and
resulting parameters evidenced that β-sitosterol weakens the interactions between molecules, decreases
ﬁlms stability and condensation. The inﬂuence of ceramide on sterol/SM/GM3 ﬁlms was reﬂected in strong
modiﬁcations of their texture, however, the morphology of monolayer was determined by the structure of
sterol present in the system. It was also found, that simultaneous replacement of 50 mol% of Chol and SM
by phytosterol and Cer, respectively, induces lipids segregation, which is manifested in large diversity of
phases observed in BAM images. To facilitate the analysis of the data collected for multicomponent monolayers,
the properties of selected sterol/GM3, sterol/Cer, SM/GM3, Cer/GM3 binary ﬁlms were also investigated. The
obtained results evidenced that the studiedhereinmodiﬁcations in the composition of Chol/SM/GM3monolayer,
reﬂecting compositional alterations induced by phytosterol in cancer membranes, strongly affect the organiza-
tion of model system, therefore they should be considered in the studies on anticancer mechanism of
β-sitosterol.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
It is known that the components of membranes are distributed
heterogeneously and within the membrane microdomains (e.g. rafts)
of various compositions are formed. These assemblies are essential for
functioning of membranes and cells [1,2] and the disturbances in their
organization are frequently connected with serious diseases [3]. Do-
mains play also critical role in development, growth, progression and
metastasis of cancer cells [4–6] and they are considered as a target in
cancer therapy [4,7,8]. Therefore, a lot of attention is paid to the issue
of disordering in functionality of cancer cells induced by the depletion
of cholesterol in membrane and rafts [7]. In these studies cholesterol is
usually eliminated by using methyl-β-cyclodextrin, polyene antibiotics
or statins [5,7,9,10]. It was reported that depletion of cholesterol in
membrane reduces formation of rafts/caveolae and decreases their sta-
bility aswell as affects signaling processes, cell proliferation and viability
[8,10]. The studies conﬁrmed also that depletion of cholesterol changes
morphology and promotes apoptosis leading to death of various cancer
cells [7,8,11,12]. Interestingly, re-addition of cholesterol provokes.
l rights reserved.reappearance of rafts/caveolae and reverses the effects of cholesterol de-
pletion [7,8,11]. Moreover, cancer cells, probably due to higher level of
cholesterol and larger number of rafts, are more susceptible to the ef-
fects of sterol depletion than normal cells [8]. All these results prove
that the content of cholesterol in membrane is of vital importance to
cancer cell viability, thus it can be assumed that the compounds capable
of modifying cholesterol concentration in cancer membranes may be
considered as potentially helpful in cancer treatment. A good example
of compound, which is able to incorporate into animal membranes
and manipulate sterols level is the plant sterol — β-sitosterol [13–18].
The studies on human leukemic cells (U937) [19], colon (HT-29, COLO
320 DM, HT116) [20–24], prostate (LNCaP, PC-3) [24–26], breast
(MDA-MB-231, MCF-7) [27–30] or stomach (SGC-7901) [31] tumor
cells evidenced, that supplementation with β-sitosterol inhibits the
growth and promotes apoptosis in various cancer cells. It was found
that treatment of cancer cells with phytosterol results in activation of
caspase-3, endoreduplication and G2/M arrest, DNA damage and ex-
pression of Fas death receptor as well as affects activation of membrane
bound enzymes [19,23,24,30,32]. The studies on stomach cancer cell
proved also that β-sitosterol disorganizes the cells and changes their
density making them more elongated [31]. The consequences of
β-sitosterol supplementation appear also at the level of membrane
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position [20,28]. For example, treatment of colon cancer cells with
β-sitosterol decreases membrane cholesterol and sphingomyelin level
[20]. Reduction of cholesterol by β-sitosterol without decrease of total
sterols level was also found for breast cancer cells [28] and it was sug-
gested that phytosterol may replace cholesterol in membrane [33].
Moreover, supplementation of colon, prostate and breast cancer cells
with β-sitosterol increases ceramide level [21,26,29,33]. All these mod-
iﬁcations are essential from the point of view of organization of mem-
branes and rafts. It is known that ceramides are able to self associate
and formmicrodomains, which then spontaneously fuse into large plat-
forms [34,35]. It was also reported that ceramides compete with choles-
terol, which is raft-stabilizer, and they are able to replace sterol in
domains [36]. Thus, the variations made by β-sitosterol in cancer mem-
brane composition may alter lipid distribution in membrane and rafts
and their properties.
In this work Langmuir monolayers composed of major raft compo-
nents identiﬁed in breast cancer membranes, that is cholesterol
(Chol)/sphingomyelin (SM)/ganglioside (GM3) monolayers [37] were
investigated in order to verify how the replacement of cholesterol by
plant sterol as well as reduction of sphingomyelin level accompanied
by the increase of ceramide content in this model system modify its
properties. As it was mentioned above all the foregoing alterations in
membrane composition were recognized in various cancer cells sup-
plemented with β-sitosterol.
2. Experimental
2.1. Materials
Egg sphingomyelin (SM), gangliosideGM3 (Milk, Bovine-Ammonium
Salt) and C16 ceramide (Cer) were purchased from Avanti Polar Lipids,
Inc., while cholesterol (Chol) and β-sitosterol (β-sito) were supplied by
Sigma. All the compounds were the products of high purity (≥99%).
The respective compounds were weighted out on the analytical balance
(accuracy: ±0.01 mg) and then, to prepare the spreading solutions,
they were dissolved in chloroform (sterols) or in chloroform/methanol
9:1 v/v mixture (SM, GM3 and Cer). Both chloroform and methanol
were purchased from Aldrich, HPLC grade, ≥99.9%. Mixed solutions
of desirable compositions were prepared from the respective stock
solutions and deposited onto water subphase with the Hamilton
microsyringe (accuracy: ±1.0 μL). After spreading the monolayers
were left for 10 min to allow for solvent evaporation and then they
were compressed with the barrier speed of 20 cm2/min.
2.2. Methods
The experiments were performed with the NIMA (UK) Langmuir
trough (total area = 300 cm2) placed on an anti-vibration table.
Surface pressure was measured with the accuracy of ±0.1 mN/m
using Wilhelmy plate made of ﬁlter paper (ashless Whatman Chr1)
connected to an electrobalance. The subphase temperature (20 °C)
was controlled thermostatically to within 0.1 °C by a circulating
water system. For the experiments Ultrapure Milli-Q water was used
(pH = 6.5 and resistivity of 18 MΩ cmat 20 °C ± 0.1 °C). All the exper-
iments were repeated at least twice to obtained consistent isotherms.
Brewster angle microscopy experiments were performed with
UltraBAM instrument (AccurionGmbH, Goettingen, Germany) equipped
with a 50 mW laser emitting p-polarized light at a wavelength of
658 nm, a 10× magniﬁcation objective, polarizer, analyzer and a CCD
camera. The spatial resolution of BAM was 2 μm.
2.3. The investigated mixtures
The starting mixture was Chol/SM/GM3 = 0.3:0.6:0.1 monolayer
composed of major lipids found in rafts in breast cancer cells [37].In the ﬁrst step of the experiments the composition of these ﬁlms was
modiﬁed by partial or total substitution of animal sterol by phytosterol,
thus the properties of Chol/β-sito/SM/GM3 = 0.15:0.15:0.6:0.1 and
β-sito/SM/GM3 = 0.3:0.6:0.1 monolayers were compared with those
of Chol/SM/GM3 = 0.3:0.6:0.1 ﬁlm. Then, the inﬂuence of Cer on
sterol/SM/GM3 ﬁlms was investigated. Therefore, in the initial Chol/
SM/GM3 = 0.3:0.6:0.1 mixture and for the comparison in β-sito/SM/
GM3 = 0.3:0.6:0.1 ﬁlm, SM was partially (50%) or totally substituted
by Cer. Finally, to reﬂect all the reported in literature characteristic
changes in cancer membrane lipid composition caused by the presence
of phytosterol, in the starting Chol/SM/GM3 = 0.3:0.6:0.1 ﬁlm 50%
of cholesterol and 50% of SM were replaced by β-sitosterol and cer-
amide, respectively, and the properties of Chol/β-sito/SM/Cer/GM3 =
0.15:0.15:0.3:0.3:0.1 mixed ﬁlm were analyzed.
Additionally, selected binary ﬁlms composed of the lipids being
the components of the studied multicomponent ﬁlms, namely:
sterol/GM3, sterol/Cer, SM/GM3 as well as Cer/GM3, were investigat-
ed to facilitate the analysis of the data collected for more complex
monolayers.
2.4. Data analysis
The morphology of the studied monolayers was veriﬁed based on
BAM images taken at various stages of the ﬁlm compression. More-
over, to get insight into the condensation, miscibility and interactions
between the lipids in the respective systems, the parameters calculat-
ed from the isotherms were also analyzed. Namely, from the iso-
therms for the respective monolayers the mean molecular area
values (A) at a given surface pressure were determined and analyzed.
Then, these values were compared with the areas for ideal mixing of
the monolayer components (Aid) (Eq. (1)) and the analysis of the ex-
cess areas per molecule (AExc) (Eq. (2)) was done [38].
Aid ¼∑AiXi ð1Þ
where Ai is the mean area per molecule for the respective one compo-
nent ﬁlms, and Xi is the mole fraction of the respective component in
the mixed monolayer. Ai calculated from the above equation means a
linear combination of the areas of all the respective single compo-
nents and their molar fractions in the mixtures.
AExc ¼ A−Aid: ð2Þ
Finally, the compression modulus values were calculated from π-A
curves (Eq. (3)) [39] to compare the state of the investigated ﬁlms.
C−1S ¼−A dπ=dAð Þ ð3Þ
wherein A is the mean area per molecule value at a given surface
pressure π.
The foregoing parameters were analyzed at π = 30 mN/m. This
value of the surface pressure was chosen because of the correlation
between the properties of lipid monolayers and bilayers at higher
surface pressure region [40].
3. Results
3.1. The replacement of cholesterol by β-sitosterol in Chol/SM/GM3 ﬁlm
The surface pressure-area (π-A) isotherms recorded for the initial
Chol/SM/GM3 ﬁlm and for the monolayers of decreased level of cho-
lesterol at constant total sterol content are presented in Fig. 1. The
compressional modulus vs. the mean molecular area (CS−1–A) plots
are shown in inset of Fig. 1, while the mean molecular areas (A), the
areas for ideal mixing (Aid), the excess area per molecule values
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Fig. 1. The surface pressure-area curves for Chol/SM/GM3, Chol/β-sito/SM/GM3 and
β-sito/SM/GM3 monolayers. Inset: the compressional modulus vs. the mean molecular
area plots for the studied ﬁlms.
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ﬁlms at π = 30 mN/m can be found in Table 1.
As it can be observed in Fig. 1 the isotherm for original Chol/SM/GM3
ﬁlm starts to increase at the area of c.a. 52 Å2/molecule and collapses at
the surface pressure of ca. 62 mN/m. In the course of the isotherm, at π
≈ 12 mN/m, appears a characteristic kink. This kink can be easily iden-
tiﬁed as a minimum in the compression modulus vs. the meanmolecu-
lar area plot for this ﬁlm (inset of Fig. 1). Maximal values of CS−1 below
and above this region (CS−1 ≈ 100 vs. CS−1 ≈ 500) indicate that with
the compression of the monolayer the transition from liquid to con-
densed state occurs. The excess area per molecule values obtained for
this mixed ﬁlm are negative, which means a non ideal behavior of the
system. This also suggests that in the mixed monolayer the molecules
interactmore favorably than the respectivemolecules in their one com-
ponent ﬁlms.
On the other hand partial (50%) or total replacement of cholesterol
in this ﬁlm by phytosterol causes the shift of the isotherm to larger
areas, a decrease of the collapse surface pressure and modiﬁcations in
the course of the curve. Namely, the slope of the curves changes in re-
spect to that for Chol/SM/GM3 ﬁlm, which results in lower maximal
values of the compression modulus (see inset of Fig. 1 and Table 1) as
well as there is a lack of a kink easily noticeable in the curve for Chol/
SM/GM3 monolayer. All these ﬁndings prove lower condensation and
ordering of Chol/β-sito/SM/GM3 and β-sito/SM/GM3 monolayers as
compared to Chol/SM/GM3 ﬁlm. The substitution of cholesterol causes
also that AExc values become less negative as compared to those for ini-
tial monolayer. This means weaker deviations from ideality, less favor-
able interactions between molecules and lower potency of plant sterol
as compared to cholesterol as a condensing agent.
To compare morphology of these monolayers, BAM images were
taken at different stages of ﬁlm compression. However, to complete
the analysis of the obtained data, BAM pictures for sterols/GM3 andTable 1
The mean molecular areas (A), the areas for ideal mixing (Aid), the excess mean molecular area
A,
Å2/m
(±0
Replacement of Chol by β-sito Chol/SM/GM3 37.4
Chol/β-sito/SM/GM3 38.7
β-sito/SM/GM3 39.5
Chol/β-sito/SM/Cer/GM3 40.3
Replacement of SM by Cer Chol/SM/Cer/GM3 40.5
Chol/Cer/GM3 43.7
β-sito/SM/Cer/GM3 40.5
β-sito/Cer/GM3 41.0SM/GM3 ﬁlms, at lipid proportion corresponding to that in Chol/SM/
GM3 ﬁlm, were also examined (Fig. 2). As regards sterol/GM3 mix-
tures (3:1), it was found that both cholesterol and β-sitosterol cause
condensation of ganglioside ﬁlm. However, the AExc values calculated
from the isotherms for these binary systems (not presented curves)
(AExc = −2.8 Å2/molecule vs. −2.1 Å2/molecule for cholesterol and
β-sitosterol, respectively at π = 30 mN/m) indicate that the effect
of cholesterol is stronger than that induced by phytosterol. The differ-
ences between these mixed ﬁlms appear also in BAM images (Fig. 2a
and b).
In the pictures for Chol/GM3 (3:1) monolayer at π ≈ 5 mN/m
very small circular domains can be observed. Although they are
faint, they exist in the texture of the monolayer up to the collapse
point. These kind of structures are not observed for β-sito/GM3
monolayer — in this case the images are homogenous and evidence
a condensed state of the ﬁlm. Both these sterols mix favorably also
with sphingomyelin [41]. In BAM pictures taken for cholesterol/SM
(1:2) ﬁlms (presented in ref. [42]), at large molecular areas, domains
of condensed phase dispersed in gaseous phase were observed. With
further compression these domains merged together forming a ho-
mogenous condensed ﬁlm [42].
As regards SM/GM3 = 6:1 ﬁlm, in BAM images taken for this sys-
tem (Fig. 2c) at large molecular areas, the coexistence of gas and ﬂuid
phase can be observed and then, in the range of π ≈ 3 ÷ 7 mN/m,
the ﬁlm is homogenous (not presented images). Then, that is in the
region of phase transition, ﬁrst irregular condensed domains appear
(Fig. 2c). These domains grow both in the number and size with the
monolayer compression and above π = 30 mN/m they start to
gather together, however, the ﬁlms remains inhomogeneous. The
positive values of AExc for this mixture (AExc = 1.0 Å2/molecule at
π = 30 mN/m) allow one to conclude that the interactions between
lipids are less favorable than those between each molecules in the re-
spective pure monolayer, which together with the ﬁlm's texture ob-
served in BAM images may indicate immiscibility or segregation
within the monolayer. The addition of sterol into SM/GM3 ﬁlm mod-
iﬁes its morphology (Fig. 3a and b). Considering Chol/SM/GM3 mix-
ture, at large molecular areas, the ﬁlm is completely homogenous
and only a gaseous phase can be detected in the pictures. At the sur-
face pressure of ca. 0.2 mN/m the coexistence of gas and ﬂuid phase
can be observed in the images. With further compression the ﬁlm's
texture becomes uniform (up to π b 10 mN/m). Then (that is in the
region of phase transition) the domains of a condensed phase are
formed. Their number and size increase with ﬁlm compression up
to the collapse point. Partial or total replacement of cholesterol in
the foregoing mixture by the plant sterol modiﬁes its morphology in
such a way that contrary to Chol/SM/GM3 ﬁlm the condensed do-
mains are not observed and at higher surface pressures monolayers
are completely homogenous (therefore, in Fig. 3 only the images for
β-sito/SM/GM3monolayer are shown). The comparison of the images
taken at lower surface pressures for β-sitosterol-containing and
cholesterol-containing monolayer indicates a greater condensation
of the mixture containing animal sterol.(AExc) and the compression modulus (CS−1) values for the studied ﬁlms (π = 30 mN/m).
olecule
.2)
Aid,
Å2/molecule
(±0.2)
AExc,
Å2/molecule
(±0.4)
CS−1,
mN/m
(±10%)
41.7 −4.3 410
41.2 −2.5 360
40.8 −1.3 260
40.5 −0.2 440
40.9 −0.4 550
40.2 3.5 610
40.1 0.4 370
39.4 1.6 490
Fig. 2. BAM images taken for binary ﬁlms composed of sterols and ganglioside GM3 as well as sphingomyelin (SM) and ganglioside GM3.
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In the next stage of the investigations the effect of ceramide
on model membranes was veriﬁed in the experiments based onpartial or complete replacement of SM by ceramide in Chol/SM/
GM3 and β-sito/SM/GM3 monolayers. The π-A curves and the
CS−1–A plots for sterol/SM/GM3 ﬁlms as well as for sterol/SM/
Cer/GM3 and sterol/Cer/GM3 mixtures are shown in Fig. 4a
Fig. 3. BAM images taken at different stages of compression of the studied monolayers.
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Table 1.
As it can be seen in Fig. 4 the addition of ceramide into both sterol/
SM/GM3 ﬁlm causes similar alterations in the recorded curves, name-
ly a decrease of the collapse surface pressure, increase of CS−1 and the
shift of the isotherms to larger areas (Fig. 4 and Table 1). Moreover,
AExc values become less negative as compared to those for the respec-
tive sterol/SM/GM3 ﬁlms. At 50% replacement of SM by ceramide the
AExc values at π = 30 mN/m oscillate around zero, while at total sub-
stitution of SM they are positive. This may suggest immiscibility of
ﬁlm components. To resolve this problem, BAM images for these sys-
tems and for the respective one-component and binary ﬁlms were
analyzed (Fig. 5).
As regards ceramide (C16) it is known to form monolayers of high
condensation [43]. In the images taken at large molecular areas
(Fig. 5a) irregular solid structures within gaseous region are clearly
noticeable. With ﬁlm's compression the solid patches merge together
and at π ≈ 4 mN/m monolayer is completely homogenous. The in-
corporation of sterols into ceramide ﬁlm modiﬁes its texture, howev-
er, the observed effect depends on the type of sterol (Fig. 5b and c). At
large molecular areas the structures visible in the pictures for β-sito/
Cer (Fig. 5c) monolayers are nearly identical with those taken for
pure ceramide ﬁlm (Fig. 5a) however, they differ signiﬁcantly from
those observed for Chol/Cer monolayers (Fig. 5b). In both cases, the
compression of the ﬁlm causes vanishing of gaseous phase and join-
ing the condensed structures. In the case of Chol/Cer monolayer, at
π ≈ 1 mN/m the chain-like structures within the condensed phase
are formed and the ﬁlm texture does not change up to the collapse.
These kind of structures are not observed for β-sito/Cer ﬁlm, howev-
er, also in this case the monolayer remains inhomogeneous up to the
collapse.
It was also reported [44] that Cer molecules interact favorably in
monolayers with GM3 [44]. In Fig. 5d BAM images for Cer/GM3 =
6:1 mixtures are shown. As it can be observed, the morphology ofthis mixture is very similar to that for one component ceramide
ﬁlm. Namely, the platforms of condensed phase coexisting with gas-
eous region, observed at large molecular areas, systematically join to-
gether with the monolayer compression. However, even at high
surface pressure region, the ﬁlm is not uniform since small vague con-
densed domains are visible in the pictures.
As far as SM/Cer mixtures are concerned, their properties were in-
tensively investigated with various experimental techniques and in a
wide range of composition [see e.g. 45,46]. In general, these lipids are
of limited miscibility and the formation of ceramide-enriched phase
in SM monolayer was evidenced [47,48].
The incorporation of ceramide both into Chol/SM/GM3 and
β-sito/SM/GM3 monolayer drastically changes the morphology of
these ﬁlms. Comparing the images for Chol/SM/GM3 in Fig. 3a
with the pictures shown in Fig. 6a and b it can be concluded
that the replacement of SM by Cer induces phase separation in
the monolayer. At lower surface pressures the condensed domains
within less condensed phase are visible, however, with the ﬁlm
compression the formation of a number of bright domains of
higher condensation within inhomogeneous monolayer can be ob-
served (Fig. 6a). In the pictures taken for Chol/Cer/GM3 ﬁlm
(Fig. 6b) irregular structures of condensed phase together with a
number of bright domains forming chain-like structures and being
of higher condensation are visible within the whole range of the sur-
face pressures.
The morphology of β-sitosterol-containing mixtures was found to
be different. Namely, in the images for β-sito/SM/Cer/GM3 ﬁlm
(Fig. 6c), at π ≥ 2 mN/m, a number of domains differing in condensa-
tion can be observed. Total replacement of SM by Cer (Fig. 6d) causes
that, at very low surface pressure, characteristic patches are formed,
which are nonuniform as regards their condensation degree. These
patches merge together with ﬁlm's compression and form more uni-
form and highly condensed phase within homogenous and less con-
densed matrix.
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Fig. 4. The surface pressure-area curves for sterol/SM/GM3, sterol/SM/Cer/GM3 and
sterol/Cer/GM3 monolayers, Inset: the compression modulus vs. the mean molecular
area plots.
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In a ﬁnal step of the investigations the composition of Chol/SM/
GM3model membrane was altered by the replacement of 50% of cho-
lesterol by β-sitosterol and 50% of SM by ceramide.
As results from Fig. 7 and Table 1, the foregoing modiﬁcations in
the composition of Chol/SM/GM3 mixture decrease packing of mole-
cules in the ﬁlm, which reﬂects in larger mean molecular areas,
causes destabilization of the monolayer, which is manifested in
lower collapse surface pressure, makes the interactions less favorable
as compared to those in Chol/SM/GM3 monolayers, which is reﬂected
in much less negative AExc values. On the other hand, the maximal
value of CS−1 is very similar for both ﬁlms, which indicates similar ri-
gidity of these systems. In the isotherm for Chol/β-sito/SM/Cer/GM3
ﬁlm, similarly to Chol/SM/GM3 curve, the kink is visible, however, it
appears at higher surface pressure (15 mN/m) and separates the re-
gion of higher condensation. The maximal values of compression
modulus below and above minimum in CS−1 vs. A plots (CS−1 ≈ 260
vs. CS−1 ≈ 520) indicate that the state of monolayer changes from liq-
uid condensed to solid condensed [39] or rather from tilted con-
densed to untitled condensed [49]. Similar phase transition was
detected e.g. in DPPG and DPPE monolayers [50].
Both the AExc values, which are very close to zero as well as BAM
pictures (Fig. 8) evidence the occurrence of phase separation in
Chol/β-sito/SM/Cer/GM3 ﬁlm. As it can be seen (Fig. 8), at low surface
pressures, within the monolayer coexist gaseous, ﬂuid and large plat-
forms of condensed phase. Moreover, within the condensed regionscontaining gaseous holes, the small domains of greater condensation
are also observed. The compression of the monolayer causes vanishing
of gaseous regions, however, in all range of the surface pressure, in
the images the coexistence of various phases of different degree of con-
densation and homogeneity can be observed. Additionally, even at low
surface pressure, small bright domains of 3D phase appear.
4. Discussion
Supplementation of cancer cells with β-sitosterol entails strong al-
terations in the composition of membranes, that is a decrease of cho-
lesterol level and its substitution by plant sterol as well as a decrease
of sphingomyelin concentration and increase of ceramide content. In
this work it was veriﬁed how these modiﬁcations change the organi-
zation of model Chol/SM/GM3 system.
Cholesterol and β-sitosterol are known to be of different condens-
ing and ordering potency and interactions with other membrane
lipids. The studies on binary and multicomponent model membranes
showed that phytosterol is less effective in modulation of the proper-
ties of the systems composed of major membrane phospholipids
(phosphatidylcholines, sphingomyelin [e.g. 41,51,52]). The results
obtained in this work allow one to expand these studies by compar-
ing the effect of these sterols on ganglioside and ceramide mono-
layers. As evidenced ﬂuorescence microscopy experiments, at 20% of
cholesterol in sterol/GM3 mixture, the domains, probably enriched
in cholesterol, are formed in the system [53]. Such domains appear
also in BAM images presented herein for Chol/GM3 ﬁlms, however,
they are undetectable in the pictures for β-sito/GM3 monolayer.
This fact, together with higher (less negative) values of the excess
area per molecule obtained for β-sito/GM3 monolayer as compared
to Chol/GM3 ﬁlm, conﬁrms weaker condensing effect of plant sterol
vs. animal sterol on GM3 monolayers. Thus, cholesterol is able to
pack in GM3 ﬁlm more beneﬁcially than β-sitosterol. This is due to
molecular structure of cholesterol, which ensures better ﬁt and
more favorable interactions between hydrophobic part of molecules
as compared to plant sterol having larger diameter caused by the
presence of a branched side chain [54]. These differences in the
properties of cholesterol vs. phytosterol allow one to understand
the results obtained herein for multicomponent ﬁlms. Namely, it
was found that the replacement of cholesterol by β-sitosterol in
Chol/SM/GM3 ﬁlm weakens the interactions between molecules, de-
creases ﬁlm's condensation and stability. Similar effects were found
also in previous studies [55,56]. However, the analysis of BAM pic-
tures proves also, that the substitution of cholesterol in Chol/SM/
GM3 by β-sitosterol inhibits the formation of condensed domains in
the system.
The results obtained herein evidenced also differences in the effect
of both sterols on ceramidemonolayer. Comprehensive investigations
made by Scheffer et al. [57] proved, that the organization of Chol/Cer
ﬁlm is determined by the proportion of lipids in the system. Namely,
in the mixtures dominated by cholesterol (up to 33 mol% of Cer) the
mixed crystalline phase is formed within the ﬁlm. In the range of
Chol:Cer proportion between 50:50 ÷ 30:70 the coexistence of
mixed crystalline phase and ceramide crystalline phase was found,
while at higher level of Cer only crystalline phase of ceramide was de-
tected [57]. Based on the foregoing ﬁndings, the chain-like structures
observed in a wide range of the surface pressure in BAM pictures
taken for Chol/Cer = 1:2, can be identiﬁed as a ceramide-rich phase
coexisting with mixed phase of both ﬁlm components. However, the
structures observed in BAM images for β-sito/Cer = 1:2 ﬁlm were
found to be of completely different organization. Interestingly, they
were similar to the vague structures identiﬁed in AFM pictures for
Chol/Cer ﬁlm of very low (5%) cholesterol proportion [58]. Although
the level of sterol in the studied herein binary β-sito/Cer ﬁlm is higher
than 5%, it should be kept in mind that the plant sterol is of different
structure and properties than cholesterol and its inﬂuence on lipids
Fig. 5. BAM images for ceramide, sterol/ceramide and ceramide/GM3 monolayers.
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tem. Therefore, it can be assumed that the morphology of β-sito/Cer
monolayer at a given concentration of phytosterol may be similar
to that for Chol/Cer ﬁlm, however, at lower cholesterol content.
Thus, it can be suggested that within the studied herein β-sito/Cer
ﬁlm, the ceramide crystalline phase tends to be formed, similarly to
Chol/Cer monolayer of lower cholesterol content [57].
The collected data evidenced that the addition of ceramide into
sterol/SM/GM3 monolayer causes drastic modiﬁcations in the mor-
phology of the ﬁlms, however, the observed variations strongly de-
pend on the kind of sterol in the system. The analysis of BAM
images and AExc values calculated from the isotherms leads to the
conclusion that incorporation of ceramide into both sterol/SM/GM3
ﬁlms causes that the lipids tend to phase separation. In cholesterol-
containing monolayers crystalline domains are formed during ﬁlm
compression, both after partial or total replacement of SM by cer-
amide. At partial substitution of SM in phytosterol-containing ﬁlm,
in the whole range of the surface pressure, the domains of different
condensation exist. Total replacement of SM by Cer molecules results
in the formation of larger patches, which join together and formhighly condensed platforms within less condensed matrix. Thus, the
incorporation of ceramide into both these mixtures provokes phase
separation in the systems, however, the morphology of the ﬁlms is
completely different and determined by the kind of sterol in the
monolayer. Although ceramide strongly modiﬁes the organization of
the studied herein ﬁlms, the alterations in the morphology of the ini-
tial Chol/SM/GM3 monolayer were found to be even greater after si-
multaneous partial substitution of cholesterol by plant sterol and
SM by ceramide. Namely, the compression of Chol/β-sito/SM/Cer/
GM3 monolayer in the range of the surface pressure of 0–20 mN/m
allows one to observe in BAM images large diversity of phases formed
within the ﬁlm, including the coexistence of homogenous LC phase,
the number of the condensed domains as well as crystalline domains
increasing with ﬁlm compression.
The phenomenon of the promotion of heterogeneity in lipid mix-
tures by the incorporation of ceramide is due to the ability of this lipid
to self-associate and form ordered domains. As it was evidenced in
the studies on various lipid systems, long chained (N-acyl chain
longer than C12) ceramides added into lipid environment tend to
segregate and in general generate gel-like ceramide-enriched phase
Fig. 6. BAM images taken for the studied monolayers.
2467K. Hąc-Wydro / Biochimica et Biophysica Acta 1828 (2013) 2460–2469[45–47,57,59,60]. Based on the experiments on bovine brain SM and
CerIII it was postulated, that at lower surface pressures the molecules
are partially miscible, while at higher surface pressures partial immis-
cibility and formation of ceramide-enriched phase in SM monolayer
were evidenced [47]. However, the behavior of ceramide in lipids sys-
tem is more complicated and the formed structures are of more25 50 75
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Fig. 7. The surface pressure-area curves and the compression modulus vs. the mean
molecular area plots for Chol/SM/GM3 and Chol/β-sito/SM/Cer/GM3 ﬁlms.complex nature and organization. For example, it was suggested
[45] that LC ceramide-enriched phase formed in SM/Cer systems
(XCer N 0.4) is a mixture of at least two different LC phases. Similarly,
the addition of Cer into DOPC/SM/Chol mixtures was found to pro-
mote heterogeneity within the system and lead to the formation of
heterogeneous, irregular domains, in which ceramide is concentrated
in subdomains [46]. Moreover, AFM results for the foregoing system
indicated very small differences between ceramide-enriched and
ceramide-poor domains [46].
The investigations on the effect of ceramide on raft model system
proved that the alterations in lateral organization of lipids in the stud-
ied mixtures caused by Cer depend on the fraction of lo phase and the
size of model rafts [61]. It was also found that ceramide competes
with cholesterol in the interactions with sphingomyelin and displaces
them from ordered domains [36,61,62]. All of this proves that the ef-
fect of ceramide on lipids is highly complex and, depending on exact
lipid composition, ceramide structure and its content in the system,
various phases, differing in the composition and morphological fea-
tures, may be formed. Therefore, based on the results obtained herein
it is impossible to certainly indicate the nature of the structures ob-
served in the images taken for the studied multicomponent monolay-
er. However, the collected results allow one to conclude that the
incorporation of β-sitosterol and ceramide into model membranes in-
stead of cholesterol and sphingomyelin, respectively, signiﬁcantly
modiﬁes the organization of lipids in the monolayer and ﬁlm's
Fig. 8. BAM images taken for Chol/β-sito/SM/Cer/GM3 = 0.15:0.15:0.3:0.3:0.1.
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of modiﬁcations in natural systems may strongly disturb physico-
chemical properties and morphology of membrane and may be criti-
cal for cell viability. Although inhibitory effect of this plant sterol on
the growth of various cancer cells was found to be connected with se-
rious alterations in signaling pathways and apoptosis, the segregation
of lipids within membranes and rafts may be a decisive step in forego-
ing activity of β-sitosterol.
References
[1] Ch.J. Fielding, P.E. Fielding, Relationship between cholesterol trafﬁcking and sig-
naling in rafts and caveolae, Biochim. Biophys. Acta 1610 (2003) 219–228.
[2] K. Simons K., W.L. Vaz, Model systems, lipid rafts, and cell membranes, Annu. Rev.
Biophys. Biomol. Struct. 33 (2004) 269–295.
[3] J. Riethmüller, A. Riehle, H. Grassmé, E. Gulbins, Membrane rafts in host–pathogen
interactions, Biochim. Biophys. Acta 1758 (2006) 2139–2147.
[4] I.S. Babina, S. Donatello, I.R. Nabi, A.M. Hopkins, Lipid rafts as master regulators of
breast cancer cell function in breast cancer — carcinogenesis, cell growth and sig-
nalling pathways, in: M. Gunduz, E. Gunduz (Eds.), InTech, 2011.
[5] T. Murai, The role of lipid rafts in cancer cell adhesion and migration, Int. J. Cell.
Biol. (2012) 6, (Article ID: 763283 (6 pages)).
[6] S. Staubach, F.G. Hanisch, Lipid rafts: signaling and sorting platforms of cells and
their roles in cancer, Expert. Rev. Proteome 8 (2011) 263–277.
[7] L. Zhuang, J. Kim, R.M. Adam, K.R. Solomon, M.R. Freeman, Cholesterol targeting
alters lipid raft composition and cell survival in prostate cancer cells and xeno-
grafts, J. Clin. Invest. 115 (2005) 959–968.
[8] Y. Chun Li, M. Jung Park, S.K. Ye, Ch.W. Kim, Yong-Nyun Kim, Elevated levels of
cholesterol-rich lipid rafts in cancer cells are correlated with apoptosis sensitivity
induced by cholesterol-depleting agents, Am. J. Pathol. 168 (2006) 1107–1118.
[9] M. Hao, S. Mukherjee, F.R. Maxﬁeld, Cholesterol depletion induces large scale do-
main segregation in living cell membranes, PNAS 98 (2001) 13072–13077.
[10] J.E. Lincoln, M. Boling, A.N. Parikh, Y. Yeh, D.G. Gilchrist, L.S. Morse, Invest.
Ophthalmol. Vis. Sci. 47 (2006) 2172–2178.
[11] E.K. Park, M.J. Park, S.H. Lee, Y.Ch. Li, J. Kim, J.S. Lee, J.W. Lee, S.-K. Ye, J.W. Park, Ch.W.
Kim, B.K. Park, Y.N. Kim, Cholesterol depletion induces anoikis-like apoptosis via FAK
down-regulation and caveolae internalization, J. Pathol. 218 (2009) 337–349.
[12] L. Calleros, I. Sanchez-Hernandez, P. Baquero, M. Jose Toro, A. Chiloeches, Onco-
genic Ras, but not V600EB-RAF, protects from cholesterol depletion-induced apo-
ptosis through the PI3K/AKT pathway in colorectal cancer cells, Carcinogenesis 30
(2009) 1670–1677.
[13] W.M.N. Ratnayake, M.R.L. Abbe, R. Mueller, S. Hayward, L. Plouffe, R. Hollywood, K.
Trick, Vegetable oils high in phytosterols make erythrocytes less deformable and
shorten the life span of stroke-prone spontaneously hypertensive rats, J. Nutr. 130
(2000) 1166–1178.
[14] P. Pianese, G. Salvia, A. Campanozzi, O. D'Apolito, A. Dello Russo, M.
Pettoello-Mantovani, G. Corso, Sterol proﬁling in red blood cellmembranes and plasma
of newborns receiving total parenteral nutrition, J. Pediatr. Gastroenterol. Nutr. 47
(2008) 645–651.
[15] H.F.J. Hendriks, E.J. Brink, G.W. Meijer, H.M.G. Princen, F.Y. Ntanios, Safety of
long-term consumption of plant sterol esters-enriched spread, Eur. J. Clin. Nutr.
57 (2003) 681–692.
[16] A.M. Ketomaki, H. Gylling, M. Antikainen, M.A. Siimes, T.A. Miettinen, Red cell and
plasma plant sterols are related during consumption of plant stanol and sterol ester
spreads in children with hypercholesterolemia, J. Pediatr. 142 (2003) 524–531.[17] M.C. Izar, D.M. Tegani, S.H. Kasmas, F.A. Fonseca, Phytosterols and phytosterolemia:
gene–diet interactions, Genes Nutr. 6 (2011) 17–26.
[18] K.R. Bruckerdorfer, R.A. Demel, J. De Gier, L.L.M. Van Deenen, The effect of partial
replacements of membrane cholesterol by other steroids on the osmotic fragility
and glycerol permeability of erythrocytes, Biochim. Biophys. Acta Biomembr. 183
(1969) 334–345.
[19] Ch. Park, D.O. Moon, Ch.H. Rhu, B.T. Choi, W.H. Lee, G.Y. Kim, Y.H. Choi, β-sitosterol
induces anti-proliferation and apoptosis in human leukemic U937 cells through acti-
vation of caspase-3 and induction of Bax/Bcl-2 ratio, Biol. Pharm. Bull. 30 (2007)
1317–1323.
[20] A.B. Awad, Y.C. Chen, C.S. Fink, T. Hennessey, beta-Sitosterol inhibits HT-29
human colon cancer cell growth and alters membrane lipids, Anticancer. Res.
16 (1996) 2797–2804.
[21] A.B. Awad, R.L. von Holtz, J.P. Cone, C.S. Fink, Y.C. Chen, beta-Sitosterol inhibits
growth of HT-29 human colon cancer cells by activating the sphingomyelin
cycle, Anticancer. Res. 18 (1998) 471–473.
[22] A.A. Baskar, S. Ignacimuthu, G.M. Paulraj, K.S. Al Numair, Chemopreventive
potential of β-Sitosterol in experimental colon cancer model — an in vitro
and in vivo study, BMC Complement. Alternat. Med. 10 (24) (2010), (10
pages).
[23] Y.H. Choi, K.R. Kong, Y.A. Kim, K.O. Jung, J.H. Kil, S.H. Rhee, K.Y. Park, Induction of
Bax and activation of caspases during beta-sitosterol-mediated apoptosis in
human colon cancer cells, Int. J. Oncol. 23 (2003) 1657–1662.
[24] A.B. Awad, Y. Gan, C.S. Fink, Effect of beta-sitosterol, a plant sterol, on growth,
protein phosphatase 2A, and phospholipase D in LNCaP cells, Nutr. Cancer 36
(2000) 74–78.
[25] A.B. Awad, A.T. Burr, C.S. Fink, Effect of resveratrol and β-sitosterol in combina-
tion on reactive oxygen species and prostaglandin release by PC-3 cells, Prosta-
glandins Leukot. Essent. Fat. Acids 72 (2005) 219–226.
[26] R.L. von Holtz, C.S. Fink, A.B. Awad, beta-Sitosterol activates the sphingomyelin cycle
and induces apoptosis in LNCaP human prostate cancer cells, Nutr. Cancer 32 (1998)
8–12.
[27] Y.H. Ju, L.M. Clausen, K.F. Allred, A.L. Almada, W.G. Helferich, β-Sitosterol,
β-sitosterol glucoside, and a mixture of β-sitosterol and β-sitosterol glucoside
modulate the growth of estrogen-responsive breast cancer cells in vitro and in
ovariectomized athymic mice, J. Nutr. 134 (2004) 1145–1151.
[28] A.B. Awad, H. Williams, C.S. Fink, Effect of phytosterols on cholesterol metabolism
and MAP kinase in MDA-MB-231 human breast cancer cells, J. Nutr. Biochem. 14
(2003) 111–119.
[29] A.B. Awad, S.L. Barta, C.S. Fink, P.G. Bradford, β-Sitosterol enhances tamoxifen ef-
fectiveness on breast cancer cells by affecting ceramide metabolism, Mol. Nutr.
Food Res. 52 (2008) 419–426.
[30] A.B. Awad, M. Chinnam, C.S. Fink, P.G. Bradford, β-Sitosterol activates Fas signal-
ing in human breast cancer cells, Phytomedicine 14 (2007) 747–754.
[31] Y. Zhao, S.K.C. Chang, G. Qu, T. Li, H. Cui, β-sitosterol inhibits cell growth and in-
duces apoptosis in SGC-7901 human stomach cancer cells, J. Agric. Food Chem. 57
(2009) 5211–5218.
[32] D.O. Moon, M.O. Kim, Y.H. Choi, G.Y. Kim, β-sitosterol induces G2/M arrest,
endoreduplication, and apoptosis through the Bcl-2 and PI3K/Akt signaling path-
ways, Cancer Lett. 264 (2008) 181–191.
[33] In: A.B. Awad, P.G. Bradford (Eds.), Nutrition and Cancer Prevention, CRC Press,
Boca Raton, FL, 2006.
[34] B. Henry, Ch. Möller, M.-T. Dimanche-Boitrel, E. Gulbins, K.A. Becker, Targeting
the ceramide system in cancer, Cancer Lett. 332 (2013) 286–294.
[35] A. Carpinteiro, C. Dumitru, M. Schenck, E. Gulbins, Ceramide-induced cell death in
malignant cells, Cancer Lett. 264 (2008) 1–10.
[36] M. London, E. London, Ceramide selectively displaces cholesterol from ordered
lipid domains (Rafts), J. Biol. Chem. 279 (2004) 9997–10004.
2469K. Hąc-Wydro / Biochimica et Biophysica Acta 1828 (2013) 2460–2469[37] P.A. Corsetto, A. Cremona, G. Montorfano, I.E. Jovenitti, F. Orsini, P. Arosio, A.M.
Rizzo, Chemical–physical changes in cell membrane microdomains of breast can-
cer cells after omega-3 PUFA incorporation, Cell Biochem. Biophys. 64 (2012)
45–59.
[38] G.I.S. Costin, G.T. Barnes, J. Colloid Interface Sci. 51 (1975) 106–121.
[39] J.T. Davies, E.K. Rideal, Interfacial Phenomena, Academic Press, New York and
London, 1963.
[40] D. Marsh, Lateral pressure in membranes, Biochim. Biophys. Acta 1286 (1996)
183–223.
[41] K. Hąc-Wydro, P. Dynarowicz-Łątka, The impact of sterol structure on the interac-
tions with sphingomyelin in mixed Langmuir monolayers, J. Phys. Chem. B 112
(2008) 11324–11332.
[42] K. Hąc-Wydro, P. Dynarowicz-Łątka, P. Wydro, K. Bąk, Edelfosine disturbs the
sphingomyelin–cholesterol model membrane system in a cholesterol-dependent
way — the Langmuir monolayer study, Coll. Surf. B 88 (2011) 635–640.
[43] F. Dupuy, M.L. Fanani, B. Maggio, Ceramide N-Acyl chain length: a determinant of
bidimensional transitions, condensed domain morphology, and interfacial thick-
ness, Langmuir 27 (2011) 3783–3791.
[44] B. Maggio, Favorable and unfavorable lateral interactions of ceramide, neutral
glycosphingolipids and gangliosides in mixed monolayers, Chem. Phys. Lipids
132 (2004) 209–224.
[45] J.V. Busto, M.L. Fanani, L. De Tullio, J. Sot, B. Maggio, F.M. Goni, A. Alonso, Coexis-
tence of immiscible mixtures of palmitoylsphingomyelin and palmitoylceramide
in monolayers and bilayers, Biophys. J. 97 (2009) 2717–2726.
[46] J. Popov, D. Vobornik, O. Coban, E. Keating, D. Miller, J. Francis, N.O. Petersen, L.J.
Johnston, Chemical mapping of ceramide distribution in sphingomyelin-rich do-
mains in monolayers, Langmuir 24 (2008) 13502–13508.
[47] M.L. Fanani, Steffen Hartel, R.G. Oliveira, B. Maggio, Bidirectional control of
sphingomyelinase activity and surface topography in lipid monolayers, Biophys.
J. 83 (2002) 3416–3424.
[48] E.R. Catapano, L.R. Arriaga, G. Espinosa, F. Monroy, D. Langevin, I. Lopez-Montero,
Solid character of membrane ceramides: a surface rheology study of their mix-
tures with sphingomyelin, Biophys. J. 101 (2011) 2721–2730.
[49] V.M. Kaganer, H. Mohwald, P. Dutta, Structure and phase transitions in Langmuir
monolayers, Rev. Mod. Phys. 71 (1999) 779–819.
[50] P.M. Flasiński, M. Broniatowski, Molecular organization of bacterial membrane
lipids in mixed systems—a comprehensive monolayer study combined withGrazing Incidence X-ray Diffraction and Brewster Angle Microscopy experiments,
Biochim. Biophys. Acta 1818 (2012) 1745–1754.
[51] K. Hąc-Wydro, P.Wydro, P. Dynarowicz-Łątka, M. Paluch, Cholesterol and phytosterols
effect on sphingomyelin/phosphatidylcholine model membranes—thermodynamic
analysis of the interactions in ternary monolayers, J. Colloid Interface Sci. 329 (2009)
265–272.
[52] A. Hodzic, M. Rappolt, H. Amenitsch, P. Laggner, G. Pabst, Differential modulation
of membrane structure and ﬂuctuations by plant sterols and cholesterol, Biophys.
J. 94 (2008) 3935–3944.
[53] Ch. Grauby-Heywang, J.M. Turlet, Study of the cholesterol–GM3 ganglioside in-
teraction by surface pressure measurements and ﬂuorescence microscopy, Col-
loids Surf. B 54 (2007) 211–216.
[54] M.Y. Berezin, J.M. Dzenitis, B.M. Hughes, S.V. Ho, Separation of sterols using zeo-
lites, Phys. Chem. Chem. Phys. 3 (2001) 2184–2189.
[55] K. Hąc-Wydro, The replacement of cholesterol by phytosterols and the increase
of total sterol content in model erythrocyte membranes, Chem. Phys. Lipids 163
(2010) 689–697.
[56] K. Hąc-Wydro, Langmuir monolayers studies on the relationship between the
content of cholesterol in model erythrocyte membranes and the inﬂuence of
β-sitosterol, Colloids Surf. B 91 (2012) 226–233.
[57] L. Scheffer, I. Solomonov, M.J. Weygand, K. Kjaer, L. Leiserowitz, L. Addadi, Struc-
ture of cholesterol/ceramide monolayer mixtures: implications to the molecular
organization of lipid rafts, Biophys. J. 88 (2005) 3381–3391.
[58] E. Sparr, L. Eriksson, J.A. Bouwstra, K. Ekelund, AFM study of lipidmonolayers: III. Phase
behavior of ceramides, cholesterol and fatty acids, Langmuir 17 (2001) 164–172.
[59] F.M. Goni, A. Alonso, Biophysics of sphingolipids I. Membrane properties of sphin-
gosine, ceramides and other simple sphingolipids, Biochim. Biophys. Acta 1758
(2006) 1902–1921.
[60] F.M. Goni, A. Alonso, Effects of ceramide and other simple sphingolipids on mem-
brane lateral structure, Biochim. Biophys. Acta 1788 (2009) 169–177.
[61] L.C. Silva, R.F. de Almeida, B.M. Castro, A. Fedorov, M. Prieto, Ceramide-domain
formation and collapse in lipid rafts: membrane reorganization by an apoptotic
lipid, Biophys. J. 92 (2007) 502–516.
[62] G. Staneva, C. Chachaty, C. Wolf, K. Koumanov, P.J. Quinn, The role of
sphingomyelin in regulating phase coexistence in complex lipid model mem-
branes: competition between ceramide and cholesterol, Biochim. Biophys. Acta
1778 (2008) 2727–2739.
